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•• An external magnetic An external magnetic 
field B will apply a force field B will apply a force 
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•• A force perpendicular to I A force perpendicular to I 
will cause a torquewill cause a torque
•• To conserve angular To conserve angular 
momentum the spins rotate momentum the spins rotate 
about Babout B
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•• Spins rotate about B at a Spins rotate about B at a 
frequency proportional to Bfrequency proportional to B

ωω = = γγ BB
((LarmorLarmor frequency)frequency)
•• gyromagneticgyromagnetic ratio ratio γγ
depends on nucleusdepends on nucleus
•• for protons (Hfor protons (H11))

γγ = 42.6 MHz per Tesla= 42.6 MHz per Tesla
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Randomly oriented spinsRandomly oriented spins Net magnetizationNet magnetization
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M=0 at B=0M=0 at B=0

At 1.5 T (15,000 gauss) At 1.5 T (15,000 gauss) 
preferential alignment preferential alignment 
is 5 per millionis 5 per million
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•• magnetization in the direction of main field Bmagnetization in the direction of main field B

•• equilibrium equilibrium MMzz = N(H)= N(H)

•• if if MMzz≠≠N(HN(H), it will approach N(H) with time constant ), it will approach N(H) with time constant 
TT11

Mz

time

TT1 ~ 0.3 ~ 0.3 -- 5 sec5 sec

Longitudinal magnetization, Mz
and  T1 recovery Precession in a gravitational fieldPrecession in a gravitational field
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Transverse magnetizationTransverse magnetization ExcitationExcitation
•• Apply a magnetic field BApply a magnetic field B11, perpendicular to , perpendicular to 

B, rotating at the B, rotating at the LarmorLarmor frequency frequency ωω
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QuickTime™ and a
YUV420 codec decompressor

are needed to see this picture.

ExcitationExcitation

courtesy of Brian courtesy of Brian HargreavesHargreaves, Ph.D., Ph.D.

1 ms pulse, 64 MHz        1 ms pulse, 64 MHz        64,000 cycles of the B1 field 64,000 cycles of the B1 field during the pulseduring the pulse
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Transverse magnetization, Mt
and  T2 decay

•• magnetization perpendicular to main field Bmagnetization perpendicular to main field B

•• equilibrium Mequilibrium Mtt = 0= 0

•• if Mif Mtt≠≠0, it will:0, it will:
rotate about B at rotate about B at ωω = = γγ BB

decay with time constant Tdecay with time constant T22

Mt

TT2 ~ 0.01 ~ 0.01 -- 1 sec1 sec
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Classical view of NMRClassical view of NMR
•• Transverse magnetization decays with time Transverse magnetization decays with time 

constant Tconstant T22

•• Longitudinal magnetization recovers with Longitudinal magnetization recovers with 
time constant Ttime constant T11
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Felix Bloch
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RF coilRF coil

•• pulsed magnetic field rotating at pulsed magnetic field rotating at ωω
•• called called ““RFRF”” pulse because pulse because ωω is in the is in the 

radiofrequency rangeradiofrequency range
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•• it is not a radio waveit is not a radio wave
•• rotates component rotates component 

perpendicular to Bperpendicular to B11

•• flip angleflip angle
•• phase or directionphase or direction
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•• magnetization in the direction of main field Bmagnetization in the direction of main field B

•• equilibrium equilibrium MMzz = N(H)= N(H)

•• if if MMzz≠≠N(HN(H), it will approach N(H) with time constant ), it will approach N(H) with time constant 
TT11

Mz

time

TT1 ~ 0.3 ~ 0.3 -- 5 sec5 sec

Longitudinal magnetization, Mz
and  T1 recovery



Mz

time

TT1 recovery

Inversion recovery

with full recovery, with full recovery, 
zero crossing is at TI ~ 0.7 Tzero crossing is at TI ~ 0.7 T1

•• offset in resonant frequencyoffset in resonant frequency
•• chemical shiftchemical shift
•• magnetic field inhomogeneitymagnetic field inhomogeneity

OffOff--resonanceresonance

Piano analogyPiano analogy

timetime frequencyfrequency

Fourier transformFourier transform

Fourier transform NMRFourier transform NMR

timetime frequencyfrequency

Fourier transformFourier transform
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•• magnitude (Mmagnitude (Mtt))
•• phase (phase (φφ))
•• phase is affected by phase is affected by 
resonance offsetresonance offset
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MR signal is a vector quantityMR signal is a vector quantity

φφ MMtt

90º

NetNet transverse magnetizationtransverse magnetization
•• TT22 (and T(and T22*) decay is a bulk *) decay is a bulk 

phenomenonphenomenon
•• "spin "spin isochromatisochromat" groups" groups
•• MMtt of each of each isochromatisochromat shortens shortens 

(random spin(random spin--spin effects)spin effects)
•• isochromatsisochromats dephasedephase --> signal decays > signal decays 

with Twith T22* * << TT22
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deterministic effects:deterministic effects:

•• inhomogeneityinhomogeneity
•• chemical shiftchemical shift

•• TT22* < T* < T22

•• TT22* includes the effects of * includes the effects of inhomogeneityinhomogeneity
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Magnetic Resonance Imaging

2003
Nobel Prize
in Medicine

Paul C. Lauterbur Sir Peter MansfieldLauterbur,
Nature 242, 190, 1973
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Frequency analysisFrequency analysis
•• (Almost) any 1(Almost) any 1--dimensional signal can be dimensional signal can be 

decomposed into a sum of sinusoidsdecomposed into a sum of sinusoids
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Fourier TransformFourier Transform

positive & negative frequencies positive & negative frequencies 
allow arbitrary phase sinusoidsallow arbitrary phase sinusoids

11--dimensional dimensional ““imageimage””
•• (Almost) any 1(Almost) any 1--dimensional signal can be dimensional signal can be 

decomposed into a sum of sinusoidsdecomposed into a sum of sinusoids

xx

a(x)a(x)

10 cm10 cm

==

xx

k = 0k = 0

xx

k = 2 cycles/10 cm = 0.2 cycles/cmk = 2 cycles/10 cm = 0.2 cycles/cm

++

xx++ + . . .+ . . .

11--dimensional dimensional ““imageimage””

xx

a(x)a(x)

kk

A(k)A(k)

Fourier TransformFourier Transform



calculate Fourier coefficientcalculate Fourier coefficient

xx

a(x)a(x)

xx
11

and  and  ΣΣ
--11

∗∗

calculate 2D Fourier coefficientcalculate 2D Fourier coefficient

and  and  ΣΣ

∗∗

A(kA(kxx, k, kyy) =) =

∫∫ ∫∫ a(x,y) a(x,y) eei(ki(kxxx+kx+kyyyy)) dx dx dydy
--∞∞

∞∞

--∞∞

∞∞

kkyy

kkxx

•

spatial frequenciesspatial frequencies

additional spatial frequenciesadditional spatial frequencies

effect of gradientseffect of gradients

tt

GGxx

effect of gradientseffect of gradients

tt

GGxx

effect of gradientseffect of gradients

GGxx

tt



effect of gradientseffect of gradients
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Regional information in kRegional information in k--spacespace low spatial frequencieslow spatial frequencies

•• intensityintensity
•• large area contrastlarge area contrast
•• gross image featuresgross image features
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Outer 3/4Outer 3/4

•• edgesedges
•• detaildetail
•• sharpnesssharpness

high spatial frequencieshigh spatial frequencies
ΔΔr = 1/2kr = 1/2kmaxmax
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The center of kThe center of k--space space 
determines image contrastdetermines image contrast
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•• nuclei with magnetic moment & angular momentumnuclei with magnetic moment & angular momentum
•• BB00 →→ longitudinal magnetization longitudinal magnetization MMzz

-- equilibrium equilibrium MMzz µµ proton density & Bproton density & B00
-- MMzz grows toward equilibrium with time constant Tgrows toward equilibrium with time constant T11

•• Excitation with BExcitation with B11 rotating about Brotating about B00 at at LarmorLarmor frequency frequency ω ω 
= = γγ BB00

-- RF pulseRF pulse
-- rotating framerotating frame
-- flip angle (flip angle (αα, 90, 90ºº, 180, 180ºº), direction), direction

ConclusionsConclusions

•• Transverse magnetization MTransverse magnetization Mtt
-- perpendicular to Bperpendicular to B00
-- rotates about Brotates about B0 0 at at LarmorLarmor frequencyfrequency
-- decays with time constant Tdecays with time constant T22

•• NMR signal generated by net MNMR signal generated by net Mtt

-- FID, immediately after RF pulseFID, immediately after RF pulse
-- decays with time constant Tdecays with time constant T22
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-- spin echo, less sensitive to offspin echo, less sensitive to off--resonanceresonance
•• Magnetic Resonance ImagingMagnetic Resonance Imaging

-- localization using magnetic field gradientslocalization using magnetic field gradients
-- signal is related to the Fourier Transform of the objectsignal is related to the Fourier Transform of the object
-- kk--spacespace

ConclusionsConclusions
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